Introduction
Tree bioenergy plantations have the potential to produce large quantities of biomass to partially replace fossil fuels, as well as to mitigate the global warming (Chum et al. 2011) , provided that they are environmentally and socially sustainable. Compared to herbaceous energy crops, tree bioenergy plantations may be more sustainable for biofuel conversion in terms of energy and CO2 balance (Blanco-Canqui 2010 , Scharlemann & Laurance 2008 . In many temperate countries, bioenergy coppice plantations of fast growing trees have been established with a short harvesting period of 2-3 years (Christersson & Verma 2006 , El Kasmioui & Ceulemans 2012 . Such plantations are frequently referred to as short rotation coppices (SRCs). Tree species most frequently used for temperate SRCs include hybrids of willows (Salix spp.), poplars (Populus spp), eucalyptus (Eucalyptus spp.) and robinia species (Robinia pseudoacacia L.). The use of clones of such species with improved yield traits is very common.
SRC plantations are most frequently established on agricultural arable soils, and their cultivation cycle is fully mechanized, from establishing trees to harvesting the biomass. Despite this high level of mechanization, their energy balance is generally very positive (Djomo et al. 2011 , Manzone et al. 2009 , with more than 60% of the crop energy balance represented by nitrogen (N) fertilization.
The importance of N fertilization depends on two main factors. Firstly, similar to other plant nutrient elements, N is largely removed with the frequent and complete cyclical harvest of the aboveground biomass. Nutrient removal in SRCs is far greater than in conventional forestry (Lars 2002 , Hansen et al. 1988 , Van Miegroet et al. 1994 ), due to the high density of the shoot population, characterized by very small sized stems and a high bark volume (wood/bark ratio - Klasnja et al. 2002 , Adler et al. 2005 ). Secondly, the chemical synthesis of N fertilizers is an industrial process requiring an enormous quantity of energy (Kaltschmitt & Reinhardt 1997) . A third element highlighting the importance of nitrogen fertilization for bioenergy sustainability lies in its environmental impact (Erisman et al. 2010 , Heller et al. 2003 , in terms of groundwater pollution by nitrate leaching and ozone depletion by the emission of nitrous oxides after the combustion of biomass with a relative high N concentration. Low requirements of N fertilizer and high efficiency of N utilization are therefore desirable crop traits, especially for energy crops. This is relevant to achieve a favorable, positive energy balance for the SRC crops (Scholz & Ellerbrock 2002) .
Nevertheless, little is known about the nutrient use and efficiency of poplar SRCs, and how they vary according to factors such as site conditions, biomass yield and genetic origin of the planting material. Significant variations in N uptake and N use efficiency (NUE) have been found among clones of important fast-growing tree species such as poplars (Berthelot et al. 2000 , Heilman & Stettler 1986 , willows (Adegbidi et al. 2001) , and eucalypts (Safou-Matondo et al. 2005) . According to Vitousek (1982) , NUE indicates the net primary productivity (NPP) to total N uptake in a certain period. However, studying N balance in fast growing tree plantations, the aforementioned authors calculated NUE as the ratio between the harvested biomass over its N content, concluding that NUE is an important factor for the selection of planting material for SRCs. No The sustainability of bioenergy coppice plantations is strongly affected by the Nitrogen (N) balance, whose removal is very high due to the frequent harvest of large quantities of biomass composed of small-sized shoots. Poplar bioenergy coppice plantations could have a Nitrogen removal comparable to herbaceous crops. In this study, five hybrid poplar genotypes ("AF2", "AF6", "Monviso", "83.148.041", "I214") were compared for tree morphological traits related to yield, N removal in the harvested biomass and Nitrogen wood concentration (N %) after two biennial coppice rotations in two experimental plantations located in northern Italy. N removal was primarily influenced by biomass production, and linear positive relationships between biomass yield and N removal were established. N removal also varied greatly among genotypes due to clonal differences in yield and in N%, in relation to significant differences among clones for their branching and sprouting habits. In the first rotation, branchiness was positively correlated to N% with a significant coefficient of determination (R attempts were made to connect the NUE of clones with clonal biomass yield characteristics, such as the distribution among stem/ shoot populations with different dimensions, the allocation ratio between branch and stem woody biomass, the shoot density or the number of shoots on the stools. Indeed, all these parameters may vary significantly among poplar clones. Such variability could affect N removal and NUE at a clonal level in poplar hybrids, altering the percentage of bark and young woody tissues in the total harvested woody biomass (Paris et al. 2006) . This resulted from a high absorption of N, along with many other plant nutrients, by poplar trees, resulting in a higher N concentration in the bark than wood (Laureysens et al. 2004) , and the percentage of bark to the total aboveground woody biomass strongly increases with decreasing stem dimensions , Klasnja et al. 2002 and increasing branchiness (Paris et al. 2006) .
The objective of this work was to examine the effects of coppicing cycles and hybrid poplar clones on stool morphology yield traits, wood N concentration (N%), NUE and N removal, with the aim of assessing clone suitability for bioenergy production and helping to refine the criteria of N fertilization for the woody crop in temperate plantation forestry.
In 2003, a network of three experimental plantations on arable soils was established in Italy in order to test new clones of poplar hybrids for SRC, by studying their biomass productivity and growth in relation to site characteristics and genetic background. Data on the first three biennial rotations were published in Paris et al. (2011) and Sabatti et al. (2014) . In two plantations, woody samples were collected during the first two harvests from representative trees/shoots in order to determine the N concentration in woody tissue and to estimate the amount of N removed with harvesting.
Our aims were: (1) to investigate the effect of coppicing on N removal in the harvested biomass; (2) to test whether the studied poplar clones differed in their N use; and (3) to determine whether the morphological parameters of trees could be determinants in affecting wood N% at the clonal level.
Material and methods

Locations and experimental settings
This study was conducted in two experimental plantations established in spring 2003 aimed at comparing hybrid poplar clones under SRC conditions. Both plantations, Bigarello and Vinovo, are located in the Po valley, northern Italy, and their main characteristics are summarized in Tab. 1. Detailed information on the experimental plantations are reported by Paris et al. (2011) . The two plantations were subject to very similar establishment and cultural practices, as reported in Tab. 1. The list of poplar clones compared in this study is reported in Tab. 2. Clone I-214 is a traditional selection developed in Italy for timber production. The other clones are new cultivars recently developed in Italy, specifically for biomass production under SRC management. These clones are currently under evaluation in Italy, as well in other European countries with various site conditions, such as Spain (Sixto et al. 2010) and Romania (Filat et al. 2010) .
The experimental design consisted in a randomized block with three-four replications per clone. Each replication was made up of homogenous plots with 60 trees organized in 5 rows (inter-row distance 280 cm), each with 12 trees (intra-row spacing 60 cm), with an inner sampling area of one row with 12 trees (20.16 m 2 ). No fertilization was supplied at any point along the cultural cycle of plantations, either before planting or during cultivation. Biomass harvesting, in biennial cycles, was performed mechanically in winter after leaf shedding.
Field sampling
Sampling and measurements were carried out at both plantations soon before mechanical harvesting in winter 2004/2005 and 2006/2007 , at the end of the first and second biennial rotation cycle, respectively. Measurements were aimed at determining the main growth traits of the clones, i.e., stem dimensions and the number of shoots per stool. More details on the sampling procedures adopted and the allometric regression equations used are reported by Paris et al. (2011) .
The field sampling for nitrogen content was organized as follows. In each experimental site, the diameter at 100 cm above the ground (D) of all individual shoots was measured, and the shoot population of each clone recorded into diameter classes (diametric classes 1 cm wide; the numeric value of each class represented the central value, i.e., class 1 included all sections whose diameter ranged from 0.5 to 1.5 cm). Thereafter, 10-cm thick stem discs were obtained from 10-15 undamaged sample shoots (stem and branches with no evident damages such as wounds, pest and disease attacks) per each clone. The sampled shoots were randomly selected so that the diameter range in each experimental site and clone was well representing the whole variation across sites and clones.
For each sample shoot, D and total height (H) were recorded with a caliper (precision 0.1 mm) and tape (precision 0.1 cm), respectively, and the fresh weight of both stem and branches was directly measured in the field with an electronic portable hanging scale (HBC 20K 50, KERN, 
plywood 50 g). The stem discs were collected at three different heights above the ground ( Fig. 1 ) measured with a tape (precision 0.1 cm): (i) 20 cm (disc D20, with R radius); (ii) at half of the total stem height (disc H/2); (iii) and at the height where the stem diameter was 2 cm (disc D2, with r radius). These discs represent 3 stem sections of the sample shoot: (i) the basal section, with a cylindrical shape and volume Vcy; (ii) the intermediate section (H/2), whose volume (Vf) can be estimated as a frustum of cone; (iii) the top section (D2) with a conic shape and volume Vc. Branches were sampled separately for each sample shoot, collecting 3 discs from their basal, median and apical part. Three average branches per shoot were selected along its entire height. Disc samples represented approx. 5% of the total weight of each individual sample shoot.
Percentage branchiness (branch %) of each sample shoot was calculated as the branch weight to total shoot weight ratio.
Immediately after sampling, the radius of each disc was recorded by cross-measurement with a digital caliper (precision 0.1 mm). Each disc was then placed into a plastic bag for minimizing moisture loss.
Laboratory procedures and nitrogen analysis
One week after field collection, sample disc volume over bark was estimated by the water displacement method, thereby obtaining individual density estimates. Each disc was then split into two equal parts, one used for dry weight determinations (at 105 °C, to constant weight), and the other for N determinations.
Discs for N determinations were dried at 40 °C to constant weight, and then ground by a laboratory mill (M10 Basic Microfine Grinder, IKA, Staufen, Germany), obtaining a homogeneous dust which was dried again overnight at 40 °C, and subsequently analyzed by CHN gas chromatography (Carlo Erba NA 1500, Italy) to determine the relative percentage N concentration (N%).
Stem volume over bark was estimated for each sample shoot by summing the volumes of the 2 stem sections and the top section, using the formulas for the basal cylinder (Vcy = π r 2 h1), for the intermediate frustum of a cone (Vf = 1/3 π h2 [R 2 + Rr + r 2 ]), and for the top cone (Vc=[πh3 r 2 ]/3), respectively, where V is the volume, h1-3 are the height of the three stem sections, R the lower radius, and r the upper radius (see also Fig. 1 ). Conversion of fresh stem volume to stem dry weight was done using the recorded density of each stem disc.
Regarding the N content of three 3 stem sections, N concentrations were averaged over the discs at the basal (D20), intermediate (DH/2) and top (D2) sections, respectively. For the remaining branches, the branch N concentration was multiplied for the branch weight. The N content for each sample shoot was obtained by summing the N amounts of the three stem sections, including the branches wood nitrogen. The N uptake was then calculated per weight of each sample shoot according to its diameter class, and used for the estimation of total N uptake for each clone and site (N uptake, kg ha -1 ). NUE (kg dm kg N -1 ) was finally obtained dividing the above-ground woody biomass for each clone by its N uptake.
Statistical analysis
In each site, analysis of variance (ANOVA) was used to analyze the main effects of clone and cycle along with their interaction on growth parameters (D; H; Shoots/stool ratio; branch %) and N use parameters (N%; N uptake, NUE). This was carried out using a randomized complete block design with site, clone, cycle and clone × cycle as fixed factors and block as a random factor. Plot means for D, H, N shoots/stool ratio, N%, N uptake and NUE were the units of replication. Individual branchiness of test shoots after angular transformation (α = arcsin√%), was the unit of replication for branchiness. For significant ANOVA effects, post-hoc Duncan's test (p ≤ 0.05) was used to test for significant differences between treatment means. Pearson's correlation among growth and yield parameters (D; H; shoots/stool ratio; branch.%; Yield) and the different N use parameters (N%; N uptake) was also carried out. Average clonal values stratified per site, cycle and clone (n = 3-4) of the sampled parameters were used in this analysis. Finally, average plot values were used to analyze the relationship between Yield and N uptake, according to the two rotation cycles studied.
Results
Growth parameters
Results of the ANOVA carried out on growth parameters are shown in Tab. 3. At both sites, clone and cycle effects on stem or shoot dimensions (D and H) were generally highly significant after ANOVA. Coppicing significantly decreased both stem dimensions (D and H) in the two sites, with a more evident effect on D, which was reduced almost by half from the first to the second rotation at both sites (Tab. 4). Clone AF2 had consistently higher values in stem dimensions across the two rotation cycles, in both sites.
At both sites, clone and cycle effects on branchiness were generally highly significant. Coppicing strongly reduced plant branchiness in both sites, i.e, the first coppicing strongly decreased the amount of aboveground woody biomass allocated to branches. At both sites, clones "Monviso", "83. 148.041" and "I-214" (at Bigarello) had the highest values of branchiness after the first biennial rotation, while the clone "AF2" had the lowest values. After the second rotation, the clone effect on branchiness was not significant at Vinovo, while a significant clone × cycle interaction in Bigarello, with clones "AF2" and "83.148.041" having the lowest values of branchiness.
At both sites, the shoots/stool ratio was affected by the rotation cycle, strongly increasing from the first to the second rotation as a consequence of coppicing. After the first rotation, no significant differences among clones were found for this parameter at both sites. After the second rotation, the clone effect was very significant in Bigarello. Clones "Monviso" and "83.148.041" had the highest values of the shoots/stool ratio in both sites, while clone "AF2" had the lowest. 
Nitrogen removal in hybrid Populus clones for bioenergy plantations
Nitrogen use
Results of the ANOVA carried out on N use parameters are shown in Tab. 3. At both sites, clone and cycle effects were highly significant for N%, with a significant increment from the first to the second rotation (Tab. 5). "Monviso" and "83.148.041" clones had the highest values of wood N% across the two sites after the first cycle. These two clones showed the highest N% after the second cycle at Bigarello, while at Vinovo the clone "83.148.041" had the highest N% value along with clone "AF6". After the first rotation, "Monviso" had the highest N uptake in both sites. After the second rotation, "83.148.041" had by far the highest N uptake. NUE was significantly affected by clone and cycle effects at both sites, with a significant decrease from the first to the second rotation.
Correlations, yield and N uptake
N% and NUE were never correlated with the shoot dimensions (Tab. 6), meaning that D and H did not affect the N use parameters of the studied clones. On the contrary, several significant correlation coefficients were found between the branching and sprouting habits and the N use parameters. Fig. 2 shows the linear regressions between branchiness and wood N% at both sites and across the two rotation cycles. The regression coefficients were never significant after the second rotation cycle, when branchiness remarkably decreases as a consequence of the strong increase of shoot density after coppicing. At the end of the first cycle, with higher values of branchiness, the regression coefficient was R 2 = 0.813 (p ≤ 0.05) at Vinovo and R 2 = 0.621 (p ≤ 0.10) at Bigarello. In both cases, clone "AF2" showed the lowest values of branchiness and the lowest values of wood N%. In contrast, clones "Monviso" and "83.148.041" showed high values of branchiness and high wood N%. Fig. 3 shows the linear regressions between the shoots/stool ratio and wood N% in the two sites and across the two rotation cycles. The regression was never significant after the first rotation cycle. After the second cycle, with higher values of shoots/stool ratio, the regression coefficient were R 2 = 0.804 (p ≤ 0.05) at Bigarello and R 2 = 0.56 (p ≤ 0.10) at Vinovo. In both cases, the lowest values of shoots/stool ratio and wood N% were observed for clones "AF2" and "I214". In contrast, "83.148.04"1 had the highest values of shoots/stool ratio and the highest wood N%.
Yield data as aboveground woody biomass of the studied poplar clones are reported in Tab. 7. N uptake in the aboveground woody biomass of the five clones in relation to the corresponding annual yield across the two study sites and the two rotation cycles are shown in Fig. 4 . Data are reported as single replication values. These data are well stratified into two different linear regressions for the first and the second rotation cycle.
Discussion
Nitrogen removal by harvest and its implications for assessing N fertilization in SRCs
Bioenergy plantations of hybrid poplars, under short rotation coppicing (SRC) management are intensive systems of forestry plantation, requiring optimal site conditions in terms of soil quality, nutrient availability and soil moisture balance, as well intensive cultural practices such as weed control, irrigation and fertilization (Heilman & Norby 1988 , Pistocchi et al. 2009 , Bergante et al. 2010 , Sabatti et al. 2014 . Consequently, poplar SRC should be considered and managed as a system closer to agriculture than to silviculture. The importance of N in promoting poplar tree nutrition, growth and biomass yield has often been demonstrated in different site conditions and management options (Czapowskyj & Safford 1993 , Heilman & Xie 1993 , Brown & van den Driessche 2005 , Coyle & Coleman 2005 , Bilodeau-Gauthie et al. 2011 . In this study, we obtained high values of N removal in the woody biomass harvested in the first and second biennial cycles (Fig. 4) . Comparison with similar studies in the literature is difficult (Adegbidi et al. 2001 , Tzanakakisa et al. 2009 , Tzanakakisa et al. 2009 ), mainly because N removal with SRC harvesting is affected by many factors, such as the yield, the rotation cycle, the fertilization and irrigation regime. Indeed, all of the aforementioned authors did not develop a relationship between annual yield and N removal.
The two plantations considered in this study were established on alluvial arable soils with contrasting soil qualities within a larger network of plantations aimed at testing SRC poplar clones across Italy (Paris et al. 2011 , Sabatti et al. 2014 . Annual clonal yields ranged between 5-25 dry matter (dm) Mg ha -1 year -1 (Mareschi et al. 2005 , Paris et al. 2011 . The clones chosen for this study are among the best performing in SRC in Italy, along with the clone "I214" which is the most used for timber plantations across Italy, mainly in the continental northern part. Both the study sites are located in the Po plain, the largest and most fertile agricultural area in northern Italy. Bigarello was the poorest site in the plantation network, with soil texture (43.3% clay) and pH (8.34) outside of the optimal range for hybrid poplar cultivation in Italy. Contrastingly, Vinovo was an average site in terms of biomass yield and site characteristics. Total soluble N in the soil of the two study sites is quite similar, and no fertilization was carried out at both iForest 8: 668-676 Using the data collected in these experiments, we established a relationship between the annual yield of aboveground biomass and N removal for poplar SRC in Italy (Fig.  4) . This relationship may be considered a useful tool for assessing the fertilization balance of poplar SRC plantations for nitrogen. However, these data must be used with caution and fertilization needs to be tailored to the specific poplar SRC plantation. Although N removal by harvest is relevant, it is just one factor affecting N cycling, which mainly depends on the balance between N losses (leaching, denitrification and N uptake in stumps/root biomass) and inputs (N from natural depositions, annual leaf fall and fine root mortality - Heilman & Norby 1988) . Generalization is hard to achieve both for N inputs and outputs, since many of these factors are site-and/or crop-specific.
Three main general observations regarding tailoring N fertilization in poplar SRC plantations may be highlighted here. Firstly, N uptake values in the aboveground woody biomass of poplar SRCs are comparable to those of many temperate agricultural crops (Maynard & Hochmuth 2007) . Secondly, at the same level of productivity, the need for N input increases considerably between the first and the second cycle of poplar SRC plantations (Fig. 4) . In fact, shoot density increased dramatically during the second cycle due to coppicing, thus reducing shoot dimensions (Tab. 4). This has also been observed by other authors on shoot density and shoot diameter after coppicing, both in hybrid poplar and willow SRC plantations (Adegbidi et al. 2001 , Al Afas et al. 2008 . The third general observation is that in SRCs coppicing led to a significant shift in shoot population density and dimensions, thus altering the bark and nutrients percentages in the above ground woody biomass, with a concomitant increment in N% in the harvest.
Contribution of yield traits and determinants of N removal
We found an extremely high variability in average annual removal of N amongst the studied clones (Tab. 5). This clonal variability was determined more by annual yield than N%. For each clone, the coefficient of variation (CV%) for biomass yield was always higher than 28.5%, while the CV% for N% was never higher than 18.2% (data not shown). This is in agreement with Adegbidi et al. (2001) who studied biomass yield and nutrient uptake and concentrations on the woody biomass of willow and poplar clones for SRC in the USA. In our study, clone "I214" had the lowest N uptake always and the lowest yield. The clone with the highest N uptake was "83.148.041", which was also the most productive clone in our experiments. This means that N% is a secondary parameter as compared with biomass yield in affecting clonal variability in N uptake amongst the hybrid poplar clones for SRC. N% varied between a minimum of 0.59% for "AF2" in Vinovo during the first rotation to a maximum of 1.15% for "83.148.041" in Vinovo during the second rotation. These values are extremely high when compared with those reported by other authors who studied N% in the woody biomass of Salicaceae clones under SRC management. For example, Jug et al. (1999) reported a variation range in N% between 0.27-0.69% for three clones (two poplars and one willow) in Germany under a short rotation management with a 5-year coppicing cycle and biomass yield ranging between ca. 10-14 Mg dm ha -1 year -1 . In this case, the low N% in woody biomass may be explained by a rotation cycle longer than that adopted in our study. Moreover, Adegbidi et al. (2001) also investigated nutrient concentrations in the woody biomass of five willow and one hybrid clones in the New York State, with N% ranging from 0.38 to 0.93, according to 1-3 year coppicing rotation cycles. Such values were surprisingly lower as compared with our study, mainly considering the shorter rotation cycles and the higher number of sprouts per stool of willow SRCs. However, no detailed information on sampling for chemical analysis were reported therein.
Our study highlighted the importance of productive determinants in Salicaceae clones such as branching and the shoots/stool ratio in affecting N% in the woody biomass produced by SRC plantations (Ceulemans et al. 1990 , Scarascia-Mugnozza et al. 1997 , Zelezink 2007 , Dillen et al. 2009 ). We found significant and positive regression coefficients between Branch% and N% during the first rotation cycle at both study sites (Tab. 6). After coppicing (second rotation), N% became strongly related to the shoots/stool ratios, with an increment in shoot density and a decrease in branch%. Such evidence can be easily explained by the fact that both branch % and shoots/stool ratio should increase the bark percentage, thus increasing N% in the total woody biomass (Paris et al. 2006) .
Two ideotypes of hybrid poplar clones with successful yield performance, but with opposite N% have been identified by this study. Clones like "AF2" combined low N% with low values of branch% and shoots/stool ratio during the first and second cycles, respectively. In contrast, clones like "Monviso" and "83.148.041" presented high N% with high values of the aforementioned morphological traits. Ceulemans et al. (1990) and Scarascia-Mugnozza et al. (1997) demonstrated the importance of sylleptic branches in improving growth and yield of hybrid poplar clones. More recently, several pedigree studies showed that successful genotype ideotypes in growth and yield can exhibit opposite morphological characteristics as for branching (Tharakan et al. 2001 , Rae et al. 2004 , Dillen et al. 2009 ) and sprouting habits (Rae et al. 2004) . Our experiments showed that high yielding clones, such as "Monviso" and "83.148.041" (Paris et al. 2011 , Sabatti et al. 2014 , combine high branching and sprouting habit with low NUE. In contrast, "AF2" presents moderate to good yield performance (Paris et al. 2011 , Sabatti et al. 2014 , low branching and sprouting habits, as well as high NUE.
Conclusions
Nitrogen balance is a factor of considerable importance for the sustainability of bioenergy crops, in terms of their energy balance, greenhouse gas emission, environmental contamination, and biofuel quality (Chum et al. 2011) . Selecting bioenergy crops with a low need of N fertilization is therefore crucial, as well as a low level of N content in the harvested and processed biomass. Tailoring N application to the real need of the crop is also a viable strategy for reducing N contamination in the environment and N content in the harvested biomass.
The N removal by harvesting was studied in two poplar coppice bioenergy plantations during the first two rotation cycles of new hybrid clones, specifically selected for intensive management with high planting density (about 6000 plants ha -1 ) and a very short harvesting cycle (2 years). These kinds of agroforestry systems are intensive forms of bioenergy plantations of increasing importance in many countries with temperate climatic conditions (Christersson & Verma 2006 , El Kasmioui & Ceulemans 2012 . The studied clones are currently used at a commercial level in Italy and other European countries. N removal was found to be primarily influenced by biomass production. A significant relationship between biomass yield and N removal was detected. Such relationship can be used to refine N fertilization balance for the woody crop, both using chemical fertilizers and organic waste for disposal in bioenergy plantations (phytoremediation -Rosenquist & Dawson 2005 , Dimitriou & Rosenqvist 2011 . Coppicing improved the amount of N removal dramatically, as a consequence of strong changes in the morphological traits and density of shoot populations. Morphological shoot traits were found to be correlated at a clonal level to N concentration in the woody tissues, as well as to the NUE of the poplar clones. Low branchiness was related to low N concentration in the harvested wood. A low number of shoots per stool after coppicing was also found to be correlated with low N% and high NUE. Clone "AF2" had high NUE, low branchiness and a low shoots/stool ratio, combined with moderate to good biomass production in the present study. Clone "AF2" is also a productive clone with a stable yield across sites and coppicing cycles, s shown by other experiments in Italy (Minotta & Muzzi 2007 , Fecondo et al. 2010 , Di Matteo et al. 2012 , Sabatti et al. 2014 ).
Our results demonstrate the feasibility of cultivar selection in poplars for SRC aimed at improving the NUE of genotypes, along with their biomass yield, the low branchiness and a low number of shoots per stool, as in the case of clone "AF2".
